Nicotinic acetylcholine receptors (nAChRs) are a diverse family of neurotransmitter-gated ion channels which contain five transmembrane subunits arranged around a central pore. Distinct receptor subtypes are expressed at the vertebrate skeletal neuromuscular junction, in mechanosensory cells and within the central and peripheral nervous systems. A total of 17 nAChR subunits (α1-α10, β1-β4, γ , δ and ε) have been identified in vertebrate species, which can co-assemble to generate a wide variety of nAChRs. Nicotinic receptors also constitute an abundant and diverse family of receptors in invertebrates. As a consequence of studies which have been conducted with both native and recombinant nAChRs, the subunit composition of nAChRs and the rules governing subunit co-assembly are becoming clearer. In this paper the extent of nAChR subunit diversity and evidence for receptor subunit composition is reviewed.
Introduction
The first nicotinic acetylcholine (ACh) receptor (nAChR) to be studied in detail was that expressed in the electric organ of fish such as the marine ray Torpedo. This was largely because the Torpedo electric organ provided an abundant and accessible source of nAChR suitable for biochemical studies. The nAChR of the Torpedo electric organ was also the first neurotransmitter receptor to be cloned and to be characterized in a heterologous expression system [1] . In vertebrates, nAChRs mediate synaptic transmission at the skeletal neuromuscular junction and these 'muscletype' nAChRs are closely related to the Torpedo electric organ nAChR. In addition, nAChRs have been identified throughout the central and peripheral nervous systems, which have been classified as 'neuronal' nAChRs [2] . Recently, evidence has emerged of nAChRs which do not fit conveniently into either of these categories, being expressed predominantly within cochlea and vestibular mechanosensory hair cells [3] [4] [5] . Nicotinic receptors are also important modulators of fast synaptic transmission in invertebrate species. They are, for example, the target site for the economically important neonicotinoid class of insecticides. Most progress in the characterization of invertebrate nAChRs has been achieved with the fruit fly Drosophila melanogaster and the nematode Caenorhabditis elegans [6] [7] [8] , both of which have had their genomes sequenced and are model experimental systems. Whereas the subunit composition of nAChRs expressed in the Torpedo electric organ and at the skeletal neuromuscular junction has been known for some time, the subunit composition of other nAChR structure
The clearest evidence that nAChRs are pentamers comes from electron microscopy of tubular crystals prepared from Torpedo electric organ post-synaptic membranes. By averaging data from many separate images it has been possible to obtain a three-dimensional structure for this receptor at 4.6 Å resolution [9] . At this resolution it is clear that the Torpedo nAChR forms a pentameric complex. It is also possible to identify areas of secondary structure, such as a transmembrane α-helical segment believed to line the ionchannel pore [9] .
While the well-documented difficulties associated with crystallization of transmembrane proteins has, so far, precluded the generation of an atomic resolution structure of nAChRs, an intriguing insight into nAChR structure has come from X-ray diffraction studies with a soluble AChbinding protein (AChBP) identified recently in the snail Lymnaea stagnalis [10] . The AChBP, which is also a pentamer, shows considerable sequence similarity to the nAChR extracellular N-terminal ligand-binding domain [11] . Significantly, amino acids which are known to be involved in formation of the nAChR binding site are conserved in the AChBP [10, 11] .
Several possible models have been proposed for the orientation within the membrane of nAChR subunit polypeptides. The consensus model, supported by extensive experimental evidence, is illustrated in Figure 1 . Each nAChR subunit contains a large (≈200-amino-acid) N-terminal domain (analogous to the AChBP) and four hydrophobic proposed transmembrane domains. The second of these hydrophobic domains contains amino acids that influence Figure 1 Schematic representation of the pentameric arrangement of the subunits in an assembled nAChR and the putative transmembrane topology of nAChR subunits (A) Putative nAChR subunit membrane topology. The model shown was one of the first nAChR-subunit membrane topologies to be proposed, largely on the basis of the hydropathy profile of the Torpedo electric organ nAChR subunits. Although several alternative topologies have been suggested, this is probably still the best working model and is able to account for most of the experimental data. In this model, each nAChR subunit contains a large N-terminal extracellular domain, crosses the membrane four times and has an extracellular C-terminus. (B) Assembled nAChRs contain five subunits arranged around a central ion channel. Subunit assembly occurs within the endoplasmic reticulum, after which assembled nAChRs are transported to the cell surface. Whereas most nAChRs appear to be assembled from more than one type of subunit (heteromeric nAChRs), there is also evidence for the formation of nAChRs from a single subunit type (homomeric nAChRs). In vertebrates, five 'muscle-type' nAChR subunits (α1, β1, γ , δ and ε) and twelve 'neuronal' nAChR subunits (α2-α10 and β2-β4) have been identified.
channel conductance and are presumed to line the channel pore [12] .
Subunit diversity
A total of 17 nAChR subunits have been identified in vertebrate species (see Table 1 ). Since five subunits co-assemble to generate a functional nAChR, the potential exists for the formation of nAChRs with very many different subunit combinations. Thankfully (for those wishing to understand nAChR diversity), it appears that native nAChRs are assembled into functional pentamers with a relatively restricted number of subunit combinations. It is clear that assembly of nAChRs, like that of other oligomeric ion channels, is a tightly regulated and ordered process, which requires appropriate subunit-subunit interactions, as reviewed previously [13] .
The five nAChRs expressed in muscle, for example, coassemble into only two nAChR subtypes (see Table 1 ). A single population of nAChRs, containing the α1, β1, γ and δ subunits, is expressed in embryonic muscle and, due to a developmental switch in which transcription of the γ subunit gene is replaced by transcription of ε, nAChRs are expressed in adult muscle which contain the α1, β1, ε and δ subunits.
There is considerably greater diversity amongst neuronal nAChRs but the number of subunit combinations that have been shown to generate functional neuronal nAChRs is very much less than the number that could potentially be generated if subunits assembled randomly to create all possible subunit combinations. Table 1 summarizes evidence for particular neuronal nAChR subunit combinations. Data presented in Table 1 are derived from either electrophysiological studies, which have demonstrated functional expression from defined subunit combinations, or from studies with native nAChRs (e.g. by immunoprecipitation). The extent of nAChR subunit diversity and evidence for subunit co-assembly in two model invertebrate species, the insect Drosophila and the nematode C. elegans, is presented in Tables 2 and 3 . Analysis of genome sequence data suggests the presence of 10 nAChR subunits in Drosophila [14] . Analysis of the complete C. elegans genome sequence has predicted as many as 42 possible nAChR subunits [15] . Other studies have identified about 27 nAChR subunit transcripts in C. elegans [6, 16] . Both estimates are surprisingly high, particularly given that C. elegans contains fewer than 400 nerve cells and ≈1000 cells in total.
Subunit stoichiometry
The assembly of nAChRs expressed at the vertebrate neuromuscular junction (and the related receptor expressed in the electric organ of fish such as the marine ray Torpedo) has been studied in considerable detail (for a more detailed review, see [13] ). In the Torpedo electric organ nAChR, two copies of the α subunit co-assemble with single copies of the β, γ and δ subunits [(α) 2 βγ δ]. Similarly, nAChRs expressed in embryonic and adult muscle tissue are also a single homogeneous population [of subunit stoichiometry (α1) 2 β1γ δ and (α1) 2 β1εδ respectively].
Whereas the subunit stoichiometry of the various neuronal nAChRs is less clearly defined, there is evidence that at least some heteromeric neuronal nAChRs also co-assemble with two α subunits and three non-α (β) subunits. Heterologous expression studies performed with reporter mutations suggest that α4β2 and α3β4 nAChRs both contain two α subunits co-assembled with three β subunits [17, 18] , a conclusion which is also supported by more direct biochemical studies [19] . Reporter mutation studies with more complex neuronal nAChRs, such as α3β3β4, are also consistent with this conclusion, suggesting a stoichiometry of (α3) 2 β3(β4) 2 [18] .
Interestingly, evidence is emerging to suggest that some neuronal nAChRs (e.g. α4β2) may assemble into nAChRs with alternative stoichiometries [20, 21] , a possibility which may help to explain evidence for native and recombinant [4, 5] *References cited provide evidence, derived from heterologous expression studies with defined subunit combinations, for the formation of functional nAChRs.
†References cited provide evidence, derived from studies of native nAChRs, to support nAChR subunit composition. Whereas references cited provide evidence for the co-assembly of these subunit combinations, in many cases they do not exclude the involvement of other subunits in the assembled complexes. ‡Evidence has been obtained for the formation of functional nAChRs by heterologous expression of fewer than four muscle nAChR subunits [64, 65] . Details of such subunit combinations are not listed since there is strong evidence that native muscle nAChRs are expressed only as fully assembled (α1) 2 β1γ δ or (α1) 2 βεδ complexes. In contrast, the subunit composition of native neuronal nAChRs is less clear, and for this reason a more comprehensive list of subunit combinations which have been studied in heterologous expression systems is presented. §Other studies have reported that α6β2 is unable to efficiently form functional nAChRs [52] . Differences in the ability of particular subunit combinations to generate functional nAChRs may be due to species-specific differences or may be attributable to differences in the heterologous expression system (e.g. mammalian cell line or Xenopus oocyte [43, 44, 52] ). ¶A chick α8 subunit has been identified but there is no evidence for a mammalian homologue of this subunit. Table 3 Assembly and subunit diversity of C. elegans nAChR subunits The complete genome sequence of the nematode C. elegans, an important model system for molecular genetic studies, has revealed a large number of putative nAChR subunits. Estimates of the number of possible subunits range from 27 to 42 [15, 16] . neuronal nAChR subtypes which display heterogeneous ion channel properties [22] . Most nAChRs, like the muscle and electric organ nAChRs, are heteromeric, containing at least one type of α subunit and one type of β (or non-α) subunit (Table 1) . Three vertebrate nAChR subunits (α7, α8 and α9) are able to generate functional homomeric receptors when expressed in Xenopus oocytes [3, [23] [24] [25] . The α9 subunit, however, forms recombinant nAChRs with considerably larger wholecell responses when co-expressed with α10, suggesting that it may preferentially form a heteromeric (α9α10) nAChR. There is also evidence that α7 and α8 can co-assemble to form heteromeric (α7α8) nAChRs in chick (no mammalian homologue of the chick α8 subunit has been identified), and there is strong evidence for native homomeric α7 and α8 nAChRs [26, 27] .
Subunit combinations Experimental technique References

Receptor-associated and interacting proteins
In common with many transmembrane proteins, interactions have been identified between nAChR subunits and endoplasmic reticulum-resident chaperone proteins such as BiP (immunoglobulin heavy chain binding protein) [28, 29] and calnexin [30] , but there have been relatively few verified interactions between nAChRs and cytoskeletal or membrane-associated proteins. The clearest evidence for such an interaction is between muscle nAChRs and rapsyn (or 43 K protein). The interaction between muscle nAChRs and rapsyn long predates the advent of recombinant proteomic techniques and has been shown clearly to be important in the clustering of post-synaptic nAChRs at the neuromuscular junction [31, 32] . Further evidence of a role for rapsyn in neuromuscular synaptogenesis has been provided by studies with transgenic mice lacking rapsyn which fail to cluster nAChRs at the neuromuscular junction [33] . In contrast, it appears that rapsyn is not required for clustering of neuronal nAChRs located, for example, at ganglionic synapses [34, 35] .
Recombinant yeast two-hybrid studies with the intracellular loop region of the neuronal nAChR α4 subunit have identified interactions with the cytoplasmic chaperone protein 14-3-3η and with the peripheral membrane protein VILIP-1, both of which have been reported to influence cell-surface expression levels of α4β2 nAChRs [36, 37] . A transmembrane protein, RIC-3, from the nematode C. elegans, has been reported to promote maturation of nAChRs. The ric-3 gene was identified by a genetic screen of C. elegans mutants which suppress a dominant mutation in the nAChR subunit DEG-3 [38] . A dominant mutation in the deg-3 gene (mutation u662) had been identified previously which introduced a single amino acid change within the nAChR pore-forming (M2) domain and which resulted in neuronal cell death and unco-ordinated movement [39] . Cloning and sequencing of the ric-3 gene has revealed that it encodes a novel protein which is predicted to contain two transmembrane domains and cytoplasmic N-and C-termini. A mammalian homologue of RIC-3 has not, as yet, been identified.
Summary
The aim of this review has been to highlight the extent of nAChR subunit diversity and to summarize the current experimental evidence for the co-assembly of nAChR subunits. Evidence for the co-assembly of particular subunit combinations has been provided both by studies of native nAChRs and by heterologous expression studies with defined subunit combinations. Due to space constraints, it has not been possible to cite all studies which have provided important supporting evidence for nAChR subunit composition and co-assembly.
